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Abstract
Microvascular endothelial cells play an important part in inflammation as well as in organ specific leucocyte traffic, and may be functionally different from large vessel endothelium in this respect. This study therefore established a method for isolation and longterm culture of human intestinal microvascular endothelial celis (HIMEC) . After Increasing evidence suggests that vascular endothelial cells are important in modulation of normal leucocyte trafficking and in mediation of inflammation.1 2 Regulation of haemostasis is another central role of the endothelium.3 4 The participation of endothelial cells in various biological phenomena in the gut, however, has been difficult to elaborate in the absence of a valid culture model. There is good reason to believe that intestinal endothelial cells behave differently from their counterparts in other vascular beds.5 6 Knowledge about the structure and function of human endothelial cells stems primarily from studies of large vessel endothelial cells, whereas physiological and pathological events take place mainly at the level of the microvasculature. Recent work has furthermore shown several differences between the endothelium isolated from large vessels and cultured microvascular endothelium.7-10 Immunohistochemical mapping of cellular antigen expression in situ supports this view.9 11-16 Functional studies based on large vessels may therefore not be valid for microvascular endothelium.
Our report describes a procedure for longterm culture of human intestinal microvascular endothelial cells (HIMEC) isolated from the normal gut by: (a) primary selection of adherent cells; (b) growth of these primary cultures to confluence; and (c) by means of paramagnetic beads coated with a monoclonal antibody (mAb) to CD31. This cell surface antigen is a 130-140 kD single chain glycoprotein found on endothelial cells, leucocytes (T cells, monocytes/macrophages, granulocytes, and 40% of bone marrow cells), and platelets,'7 but not on fibroblasts (the major contaminating cell type). Immunohistochemical studies of normal intestinal biopsy specimens have reported microvascular endothelial cells to express CD31 in situ.'8
Methods

MATERIALS
Chemicals, hormones, and growth factors Dithiothreitol, N6, 02-dibutyryladenosine cyclic monophosphate (db-cAMP), N6-monobutyryladenosine cyclic monophosphate (mbcAMP), n-butyric acid, heparin, acridine orange, ethidium bromide, propidium iodide, hydrocortisone, endothelial cell growth supplement (ECGS), recombinant human epidermal growth factor (EGF), and gelatin were all purchased from Sigma Chemical Company (St Louis, MO). Recombinant human basic fibroblast growth factor (bFGF), gentamicin, and amphotericin B were obtained from Gibco BRL (Paisley, Scotland), EDTA from Ferak (Berlin, Germany), HEPES buffer from Biowhittaker (Walkersville, MD), and rat tail derived type I collagen (Vitrogen) from Celtrix Laboratories (Palo Alto, CA).
Culture media and serum samples Endothelial-SFM (growth medium and plating medium)'9 and fetal calf serum were purchased from Gibco BRL, RPMI 1640 from Biowhittaker, endothelial basal medium (a modification of MCDB 13120) from Promocell (Heidelberg, Germany), and pooled human AB serum from Sigma. population of adherent cells. On day one or two, small endothelial cell colonies consisting of two to 15 cells were detected, being surrounded by fibroblastoid cells and semiadherent cells (Fig 1A, B) Isolation of endothelial cells On day five to seven, when cultures were subconfluent, paramagnetic bead separation of CD3 1+ cells was carried out and usually resulted in 10-30% rosettes that were replated (Fig 1 C) . Most of the beads detached from the cells during the following few days and were not detectable in the next passage. The secondary cultures reached confluence after seven to nine days (Fig 1D) . Contaminating fibroblastoid cells (as judged by phase contrast microscopy) were rarely seen and, when present, were easily eliminated by an additional bead separation.
GROWTH CONDITIONS FOR SECONDARY HIMEC CULTURES
Quantification of endothelial cell growth was performed using crystal violet staining, which measures reliably even small cell numbers. 26 The relation between cell numbers and dye intensity was examined by plating serially diluted cells in triplicate wells ranging from 0 5 to 32X 103 cells per well. After six hours the cells were fixed and stained. Correlation coefficients were greater than 0 99 and there was a linear relation between cell number and optical density (data not shown).
Medium
The proliferation rate of HIMEC in RPMI 1640, endothelial basal medium, or endothelial-SFM was compared at 2.5%, 10%, and 20% fetal calf serum. SFM medium proved slightly better than endothelial basal medium and RPMI (data not shown). In RPMI the cells soon acquired an irregular shape and resembled senescent cultures even in the presence of 20% fetal calf serum. Endothelial-SFM was therefore chosen as standard medium. Figure 2 shows the influence of fetal calf serum on proliferation rate of purified endothelial cells. Without serum there was a slight increase in cell number during the first seven days, after which a numeric decline and a general deterioration of the cell culture were seen. The growth rate increased with higher serum concentrations, peaking at 10% serum. Pooled human AB serum at 2.5-20% was also tested, cAMP analogues Endothelial cells were exposed for 72 hours to varying concentrations (30 ,uM-10 mM) of n-butyric acid and the cyclic AMP analogues N6,02-dibutyryl cAMP (db-cAMP) and N6-monobutyryl cAMP (mb-cAMP) (Fig 3A) .
Serum type and concentration
Increasing concentrations of db-cAMP and mb-cAMP resulted in a similarly increased number of cells, whereas n-butyric acid had no apparent effect. In the course of 10 days, more than 1 mM db-cAMP was required for endothelial cells to reach confluence (Fig 3B) .
ECGS
Endothelial cell growth supplement (ECGS), which is a crude preparation of acidic fibroblast growth factor (aFGF), was tested at 1-300 ,ug/ml in growth medium containing 18 IU heparin (Fig 4) . Without addition of db-cAMP, cell growth was moderately stimulated by increasing concentrations of ECGS. In the presence of only 0 5 mM db-cAMP, however, the cells grew even faster than with ECGS alone at 300 ,ug/ml, showing only a minimal effect of ECGS on HIMEC growth. bFGF Basic fibroblast growth factor (bFGF) was tested at 3 pg-10 ng/ml in standard growth medium. A minimal stimulatory effect on growth was seen after 72 hours (data not shown), but after seven days the number of endothelial cells grown in the presence of 1 ng/ml bFGF was twofold higher than controls (Fig 5) . Wells were examined by microscopy before elution of crystal violet and were free from contaminating fibroblasts. Representative resultfrom one of three experiments (medians from triplicate wells plotted). Ranges were within 15% of the median.
EGF
Epidermal growth factor (EGF) was tested at 1-10 ng/ml without any apparent effect on cell proliferation even after nine days. By contrast, this EGF preparation induced moderate proliferation of human umbilical vein endothelial cells (HUVEC) under identical conditions (data not shown).
Hydrocortisone
Hydrocortisone was tested at 0.01-1 ,ug/ml and induced about twofold increase in cell counts at 1 ,ug/ml after five days (Fig 6) .
CELL IDENTIFICATION
Immunohistochemistry
Cryosections of normal intestinal biopsy specimens immunostained for CD3 1 showed strongly positive vessels that always coexpressed von Willebrand factor (Fig 7A and B) . Some interstitial stormal cells were weakly (Fig 8A) ; most cells were positive up to the fifth passage, after which there was a slow decline in the proportion of von Willebrand factor positive cells. Representative resultfrom one of three experiments (medians from triplicate wells plotted). Ranges were within 15% of the median. was restricted to the region of intercellular contact with some additional weak reactivity surrounding the nucleus (Fig 8B) . Staining for CD31 on cultured HIMEC showed a similar reactivity at the intercellular junctions, particularly when the cells reached confluence (data not shown); a staining pattern identical to that described for HUVEC.18 CD31 reactivity was maintained on most cells up to the eight passage. HIMEC furthermore bound Ulex Europaeus lectin I (see later). Staining of established monolayers with anti-CD45 (leucocyte common antigen), anti-CD68 (macrophage restricted form), and anticytokeratin showed no contaminating cells (data not shown).
Electron microscopy The Weibel-Palade organelle, a unique ultrastructural endothelial cell marker, was present in moderate numbers in cultured HIMEC (Fig 9A and B) . The cells furthermore contained micropinocytotic vesicles (Fig 9A   (insert) ). Filaments were seen in scarce amounts. The endothelial cells isolated from the human intestine were cultured in a growth medium designed for serum free culture of animal endothelial cells.'9 According to the manufacturer, endothelial-SFM is also useful for the culture of HUVEC after supplementation with ECGS, EGF, and hydrocortisone. These growth factors, however, as well as db-cAMP at maximum values, neither maintained primary cultures, nor induced proliferation of HIMEC in secondary cultures. Proliferation was only seen after addition of serum, reflecting the need for a hitherto unidentified growth factor.
Agents that increase cellular cAMP, or analogues of cAMP, are potent growth stimulators in human dermal microvascular endothelial cells.45 50 This information prompted us to investigate the effect of cAMP analogues on the growth rate of HIMEC. It is believed that db-cAMP dissociates intracellularly into mb-cAMP and n-butyric acid; both these cAMP analogues induced dose dependent cell proliferation. In agreement with
Davison et al,50 we furthermore found that HUVEC proliferation was not influenced by exogenous cAMP (our unpublished findings). Interestingly, exogenous cAMP almost abolished the growth promoting effect of ECGS with heparin on HIMEC. ECGS is a widely used crude preparation of aFGF, a mitogen for HUVEC whose potency is greatly enhanced by the presence of heparin.5' Our data might reflect a role for cAMP as a second messenger in the proliferative effect of aFGF on intestinal microvascular endothelial cells but could also suggest that stimulation by exogenous cAMP induces a maximum growth rate in these cells.
The availability of a reproducible and comparatively simple method to establish normal HIMEC longterm cultures should permit further studies on the function of intestinal endothelial cells and their putative role in physiological and pathological events in the human gut. It has become increasingly apparent that these cells play a central part both in the normal mucosal immune system as well as in local inflammatory processes, but the detailed mechanisms remain elusive.
